Superconductors are integrated in major equipment and machinery, for instance as part of powerful magnets,^[@ref1]^ employed for nuclear magnetic resonance,^[@ref2]^ fusion reactors,^[@ref3]^ and particle accelerators.^[@ref4]^ Moreover, they have become excellent materials for energy storage,^[@ref5]^ electrical generators,^[@ref6]^ magnetic sensors,^[@ref7]^ and high-frequency filters and switches.^[@ref8],[@ref9]^ These superconductors normally need nanoengineering to achieve the required performance in those applications.^[@ref10]^ Besides, nanostructured superconductors are central elements in refined quantum computing architectures such as one-dimensional (1D) nanowire-based quantum oscillators^[@ref11]^ and highly integrated Josephson junction networks.^[@ref12]^ From a basic research point of view, superconducting nanostructures are fascinating objects to study vortex confinement caused by defects, geometry and/or topology to preserve the dissipation-free energy state.^[@ref13],[@ref14]^

Innovative schemes have taken advantage of the third dimension for the development of high-performance and energy-efficient electronic components.^[@ref15]^ Thus, three-dimensional (3D) nanosuperconductivity could represent a breakthrough for future electronics components, particularly for sensors, energy-storage components, and quantum computing. A significant improvement of the microwave radiation detection has been demonstrated through the fabrication of a superconducting bolometer by folding two-dimensional (2D) superconductor structures into 3D helical belts.^[@ref16]^ However, until now, few works of real 3D superconducting nanostructures have been reported,^[@ref17]−[@ref21]^ mainly because their fabrication and characterization are still challenging.

In the last decades, Ga^+^ focused-ion-beam-induced deposition (FIBID) has been used to grow functional 3D materials.^[@ref22]−[@ref27]^ Particularly, 3D superconducting W-based nanowires, with superconducting critical temperature *T*~c~ ∼ 5 K and upper critical magnetic field μ~0~*H*~c2~(0) ∼ 9.5 T,^[@ref17]−[@ref19]^ and NbC nanowires with *T*~c~ ≈ 11 K,^[@ref21]^ were recently grown using, respectively, W(CO)~6~ and Nb(NMe~2~)~3~(N-*t*-Bu) precursor materials. Nevertheless, the resolution in this process is mainly limited by the Ga^+^ beam diameter (∼5 nm) and its high lateral scattering. This prevents the growth of sub-100 nm 3D nanostructures.

A recent generation of focused particle beam for 3D nanoprototyping is the helium ion microscope (HIM),^[@ref28]^ based on He^+^ gas-FIB source with a probe size as small as ≈0.3 nm. Thus, HIM represents an enormous step forward for 3D nanoprinting due to the small beam diameter and low proximity effect,^[@ref29]^ creating vertical pillars of PtC and tungsten carbide (WC) with diameters down to 40 nm.^[@ref30],[@ref31]^ In a recent study, some of the authors have reported on the fabrication of 3D superconducting hollow nanowires as small as 32 nm in diameter, with a *T*~c~ ≈ 6.4 K and high critical magnetic field and current density,^[@ref20]^ opening a new path for the fabrication of more complex 3D nano-objects that could be implemented as future components in electronics.

In this work, we present the fabrication of 3D WC superconducting nanohelices on demand by using a HIM. The nanohelices geometry is successfully controlled with pitches (*L*~T~) between 200 nm and 2.3 μm, nanohelix diameters (*D*~NH~) from 100 to 295 nm, and nanowire diameter (*D*~NW~) as small as 45 nm. These 3D nanohelices display superconductivity below 7 K (*T*~c~) as well as high upper critical magnetic fields μ~0~*H*~c2~ ≈ 15 T and high critical current densities *J*~c~ ≈ 0.2 MA/cm^2^. The magnetotransport properties at low temperature and under magnetic fields show characteristic features of vortex and phase slip patterns associated with the nanohelix topology and 3D geometry. These experimental data are in good agreement with numerical simulations based on the time-dependent Ginzburg--Landau equation.

We use a HIM focused to ∼1 nm in combination with a W(CO)~6~ precursor to grow individual and vertical 3D WC nanohelices. The precursor flux is delivered into the process chamber and adsorbs to the substrate's surface, whereas the He^+^ FIB spot describes a circular shape with a proper overlapping between two consecutive spots and a beam dwell time that favors continuous growth along the third dimension. By keeping the optimized beam parameters, a nanohelix is fabricated, increasing the number of turns of the circular shape pattern, as depicted in the sketch and in the SEM image of a representative nanohelix (deposition parameters: *I*~beam~ ≈ 1 pA, beam spacing = 10 nm, nominal diameter = 75 nm, beam dwell time = 700 ms, turns = 23) shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![(Left) Sketch of the growth of 3D nanohelix by He^+^-FIBID. (Right) SEM image of a WC 3D nanohelix of type 1, in which pattern parameters are indicated, *D*~NW~ = nanowire diameter, *D*~NH~ = nanohelix diameter (100 nm in this specific case), *L*~T~ = turn length or pitch, and *L*~NH~ = nanohelix length (52° tilted stage). The specific deposition parameters for the helix shown are *I*~beam~ ≈ 1 pA, beam spacing = 10 nm, nominal diameter = 75 nm, beam dwell time = 700 ms, and turns = 23.](nl9b03153_0001){#fig1}

To find the optimal parameters for the fabrication of 3D nanohelices, we investigate the resolution limits and dimensional control by varying the diameter and beam dwell time. A linear dependence of the pitch as a function of the beam dwell time for nominal diameters ranging from 75 to 200 nm has been found (see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf), [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf), and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf)). The use of such method enables us to fabricate 3D helical nanostructures on demand, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The specific deposition parameters and real dimensions of nanohelices of types 1--8 are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Particularly, nanohelices of types 1--5 were grown by keeping fixed the nominal circular diameter to 75 nm and varying the beam dwell time from 700 to 2400 ms. Using these parameters, the achieved nanohelix diameter ranges from 100 to 146 nm and the pitch from 200 nm to 1 μm. Nanohelix of type 1 is the smallest and highest-densely packed nanohelix ever fabricated so far, with 100 nm in diameter, 200 nm of pitch, and 23 turns. Nanohelices of types 6--8 were grown by keeping fixed the nominal circular diameter to 200 nm and varying the beam dwell time from 650 to 2000 ms. By using these parameters, the nanohelix diameters range from 277 to 295 nm and pitches from 430 nm to 2.3 μm. Further highlights of the fabrication procedure include the very small nanowire diameter of 45 nm and the short process time of only a few minutes. More details regarding growth conditions are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf) (methods section).

![SEM images of WC nanohelices of several types (from 1--8) grown by He^+^-FIBID (52° tilted stage). Δ*V* represents the locations of the voltage contacts. Inset in the SEM image type 1 shows the top view of the nanohelix (measured bar = 100 nm).](nl9b03153_0002){#fig2}

###### Growth Parameters and Nominal and Real Dimensions of WC Nanohelices Shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}[a](#tbl1-fn1){ref-type="table-fn"}

  nanohelix no.                             **1**      2      3      **4**      5      **6**      **7**      8
  --------------------------------------- ---------- ------ ------ ---------- ------ ---------- ---------- ------
  ion current                              **0.96**   0.92   0.92   **0.86**   1.47   **1.23**   **1.32**   1.31
  nominal nanohelix diameter (nm)           **75**     75     75     **75**     75    **200**    **200**    200
  repeats                                   **23**     16     12     **8**      6      **15**     **8**      4
  dwell time (ms)                          **700**    1000   1400   **1800**   2400   **650**    **950**    2000
  real nanohelix diameter, *D*~NH~ (nm)    **100**    115    116    **108**    146    **277**    **295**    277
  nanowire diameter, *D*~NW~ (nm)           **50**     58     50     **51**     58     **58**     **58**     45
  pitch, *L*~T~ (nm)                       **200**    220    440    **550**    1000   **430**    **925**    2300
  curvature (nm^--1^ × 10^--3^)            **14.2**   12.7    7     **5.1**    2.4    **5.8**    **3.4**    0.9
  torsion (nm^--1^ × 10^--3^)              **9.1**    7.7    8.5    **8.3**    5.2    **2.9**    **3.4**    2.4

For a helix parametrized through the radius *R* and pitch (2π*b*), *x*(*t*) = *R* sin *t*, *y*(*t*) = *R* cos *t*, *z*(*t*) = *bt*, the curvature *k*~1~ and torsion *k*~2~ provide an equivalent representation:^[@ref43]^. We have selected the "radius--pitch" representation since these parameters directly correlate with the crucial physical parameters of the same dimensionality: coherence length and penetration depth.

For magnetotransport measurements, the 3D nanohelices were placed flat on the SiO~2~ layer of a Si/SiO~2~ substrate by means of a nanomanipulator. This step is challenging due to the elastic behavior of the nanohelices (see [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_002.avi) in the Supporting Information for details). Then, four Pt FIBID contacts were grown to connect the nanohelices to prepatterned Ti pads. Finally, four-probe electrical measurements at low temperature (from 300 to 0.5 K) and under perpendicularly applied magnetic field to the substrate plane (from 0 to 9 T) were performed (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf) and Supporting Information for details of deposition parameters). This process was performed for nanohelices of types 1, 4, 6, and 7 (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). On the one hand, we have studied small, both densely packed and sparsely packed nanohelices, that is, nanohelices of types 1 and 4 with *D*~NH~ ∼ 100 nm and *D*~NW~ ∼ 50 nm, with a pitch of 200 nm for type 1 and 550 nm for type 4. On the other hand, large and both densely packed and sparsely packed nanohelices were also investigated. These are nanohelices of types 6 and 7 with *D*~NH~ ∼ 280 nm and *D*~NW~ ∼ 58 nm, with a pitch of 430 nm for type 6 and 925 nm for type 7.

Nanohelices show resistance drops from the normal to the superconducting state at *T*~c~ (0.5 *R*~N~) values between 6.23 and 7.06 K (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows their upper critical magnetic field μ~0~*H*~c2~ (0.9 *R*~N~) as a function of temperature. μ~0~*H*~c2~ is extracted from the resistance versus temperature curves under perpendicular magnetic field (i.e., inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). We fit μ~0~*H*~c2~(*T*) to a simple power law equation μ~0~*H*~c2~(*T*) ∝ (1 -- *T*/*T*~c~)^*n*^. For a 2D film and a perpendicular magnetic field or a 3D bulk sample, we expect usual Werthammer--Helfand--Hohenberg behavior,^[@ref32]^ with *n* ∼ 1. For a 1D wire, we expect *n* = 0.5.^[@ref14]^ Here we find *n* in between, ranging from 0.72 to 0.78 for nanohelices with a nanowire diameter of 50 and 58 nm, respectively. The deviation from the usual 1D and 3D behaviors suggests that nanohelices have an intermediate superconducting behavior.^[@ref33]^ Moreover, we find that μ~0~*H*~c2~(0 K) ranges from 12.1 to 15.3 T in different helices. Using the orbital limit estimation of μ~0~*H*~*c*2~(*T*) = Φ~0~/2πξ^2^(*T*), the Cooper pair coherence length, ξ, at 0 K is found to range from 4.64 to 5.22 nm. Considering nanohelices as type II superconductors in the weak coupling regime and in the dirty limit, the magnetic field penetration length (λ) can be estimated applying the following expression derived from the Gor'kov theory.^[@ref34]^ The λ values range from 603 to 733 nm.

![(a) Normalized resistance for nanohelices of types indicated in the legend as a function of temperature at 0 T. *R*~N~ is the resistance at the normal state, at *T* = 10 K. Inset shows resistance versus temperature for nanohelix of type 7. *I*~bias~ = 100 nA. (b) Upper critical magnetic field (μ~0~*H*~c2~) as a function of temperature for nanohelices of types indicated in the legend. Data are fitted to a power low equation. Inset shows resistance as a function of temperature for nanohelix of type 7 under perpendicular magnetic field, from 0 to 9 T.](nl9b03153_0003){#fig3}

###### Superconducting Parameters of Nanohelices of Types 1, 4, 6, and 7 Estimated from Experimental Magnetotransport Measurements

  nanohelix no.                          1             4             **6**             **7**
  -------------------------------- ------------- ------------- ----------------- -----------------
  *R*~N~ (Ω)                           1281          1936            1796              3672
  no. of turns                           4             3               2                 3
  *T*~c~ (K)                           6.73          6.50            6.23              7.06
  μ~0~*H*~c2~ (0 K) (T)                14.3          12.1            12.8              15.3
  *n*                               0.72 ± 0.01   0.72 ± 0.04   **0.76 ± 0.02**   **0.78 ± 0.02**
  ξ~0~ (nm)                            4.80          5.22            5.07              4.64
  λ (nm)                                603           629             733               695
  *J*~c~ (0.5 K, 0 T) (MA/cm^2^)       0.23          0.17            0.09              0.11
  *J*~d~ (0.5 K, 0 T) (MA/cm^2^)       17.8          15.3            10.8              14.1

The highest value of *J*~c~ (0.5 K, 0 T) ∼ 0.23 MA/cm^2^ is found for the smallest and more-densely packed nanohelix (type 1), which is twice higher than the value for sparsely packed nanohelices (types 6 and 7) (see [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf) in the Supporting Information). *J*~c~ values are around 80 times lower than the depairing current density,^[@ref35]^ J~d~ (0.5 K, 0 T) ∼ 17.8 MA/cm^2^ (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), at which the electromagnetic energy due to the current flow is equal to the superconducting condensation energy. Such a difference is found almost invariably in all superconductors indicating that dissipation sets in well below the depairing energy due to formation of phase slips or vortices significantly below the depairing current. Besides, sample inhomogeneities, such as grain boundaries, differences in composition, nanodefects or amorphization over these small dimensions can produce a depression effect on the critical current density of the nanohelices. To conclude, the calculated superconducting parameters of 3D nanohelices are comparable with those found in He^+^ FIBID out-of-plane hollow nanowires,^[@ref20]^ and He^+^ FIBID in-plane nanowires used in hybrid microwave resonators.^[@ref36]^ The kinetic inductance for this material is ∼15 pH/, which is 250 times higher than the geometrical inductance,^[@ref36]^ making them good candidates for the fabrication of highly packed 3D nanoresonators.

We have observed an enhancement of the dissipation-free ground state, μ~0~*H*~min~ (defined as the field value at which resistance reach 0.1R~N~) for the nanohelix type 7 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(a)). It is 35% larger compared to hollow nanowires grown by He^+^ FIBID.^[@ref20]^ This suggests that the helix provides much stronger pinning as compared to straight nanowires.^[@ref37]^ We will develop this in detail below, but we point out that such an improvement can be used to build better superconducting logic gates,^[@ref38]^ quantum switches^[@ref39]^ and single-photon detectors.^[@ref40]−[@ref42]^

![(a) Critical magnetic fields as a function of temperature for nanohelix of type 7. μ~0~*H*~c2~ is estimated from 0.9R~N~ and μ~0~*H*~min~ from 0.1R~N~. These values are extracted from R vs T curves (under perpendicular magnetic field, from 0 to 9 T, black symbols) and from R vs μ~0~H curves (under perpendicular magnetic field, from 0 to 20 T, gray symbols), I~bias~= 0.1 μA. Data is fitted to a power law dependence. (b) Tilt-angle applied magnetic field dependence on μ~0~*H*~c2~ for nanohelix of type 7. μ~0~*H*~c2~ values are extracted from R vs μ~0~H curves, I~bias~= 0.1 μA.](nl9b03153_0004){#fig4}

On the other hand, the dependence of μ~0~*H*~c2~ for the nanohelix when tilting the magnetic field is not strong, but appreciable ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(b)). This suggests that the direction of the magnetic field, compared to the precise geometry, plays a significant role in the upper critical field (we discuss this in more detail in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf)).

An interesting feature only visible in resistance-versus-current measurements for the nanohelix type 6 is that the resistive transition occurs in various steps, as observed in measurements under fixed perpendicular magnetic field of 1 and 2 T (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Nanohelices of types 1, 4, and 7 do not show this feature (see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf)). In order to provide some insight into this behavior, numerical simulations based on the time-dependent Ginzburg--Landau equation coupled with Poisson equation have been performed by finite-difference time-domain method (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf), numerical simulations). This analysis reveals several patterns of the order parameter corresponding to the spatial distribution of the normal to the surface component of the magnetic field over the surface of the helical nanostructure. These patterns are represented in the right panels of [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}(a) and (b) for magnetic fields 1 and 2 T, respectively. The order parameter distribution over the surface of the helical structure is shown at different values of the applied transport current (in units of the critical current). The voltage generated by an individual vortex in motion for all patterns leads to a finite resistance of the order of 1 Ω. Experimentally observed jumps (higher than 100 Ω) in the Resistance vs Current charactertistics are about 2 orders of magnitude higher than the resistance induced by an individual vortex, which follows from our numerical simulation (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf)). The most probable reason for the observed jumps is therefore the occurrence of *phase slips*, which start to appear at transport current values shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The transition of *two* half-turns into the full phase-slip regime causes the resistance to increase by about 1000 Ω, whereas the presence of the phase slip in *all* half-turns without the vortex dynamics results in a resistance of about 2250 Ω. The simulated order parameter at a magnetic field *B* = 1 T shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}(a) does not seem to reveal vortices in static or dynamic states. From an arbitrary initial state (for which a random distribution was taken), the order parameter evolves to one of the three following quasi-stationary patterns: (i) pure vortex state (the amount of vortices is in the range from 0 to *N*), (ii) mixed one--vortices plus order parameter depression regions (phase slip), and (iii) pure order parameter depression regimes. We suggest that the whole half turn, at which the order parameter depression appears, switches to the normal state due to the Joule heating as shown in [Figures S6](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf). In regions where the absolute value of the normal to surface magnetic field is minimal, the order parameter depression extent is suppressed. This mechanism explains the experimental step-like resistance vs current dependence. Our numerical simulations are described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf) (numerical simulations section, inputs from [Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf). As distinct from the planar 2D superconductor structures, the complex 3D geometry of nanohelices determines topologically nontrivial screening currents and confinement potentials that cardinally depend on radius and pitch (or, equivalently, curvature and torsion) and imply, as shown below, occurrence of different patterns of topological defects. For all structures, we have observed similar behavior when the applied current increases from 0 to the critical value: the modulus of the order parameter evolves from a homogeneous state, which describes the pure superconducting phase, to different patterns of vortices, then to different phase-slip patterns, finally resulting in the normal state. We have found that a phase-slip pattern itself may depend on the number of turns. In order to check how phase-slip patterns evolve with increasing number of turns, we have performed a simulation for structures with fixed width (50 nm), helical diameter (100 nm), and pitch (200 nm) under a magnetic field of 2 T. These geometrical characteristics of the simulated structures correspond to the experimental helix of type 1. Results of this simulation for fixed applied transport current (I ∼ 0.6I~c~) are shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf). For the structure with one turn, phase slips are represented by three extended regions over the half-turns. Phase slips occupy approximately 80% of the area of the structure. For the structure with two turns, there are 5 regions with phase slips, while the relative size of each phase slip region being smaller than the relative size of a phase-slip region for the structure with one turn. The trend of decreasing the size of the phase-slip regions and increasing their number continues for the structure with three turns. For the structure with four turns, the phase-slip regions disappear in some parts of the structure. The increment of the resistance is proportional to the overall size of the phase-slip regions, so, when the phase-slip pattern is represented by a number of small regions, each new region gives a small increment to the resistance (the case realized in helices of types 1, 4, 7). In this case, there will occur no shelf-like features in the Resistance-vs-Current dependence within the experimental conditions. [Figures S7, S8 and S9](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf) demonstrate how chirality of the nanohelices determines the order-parameter patterns that are quite distinct from those in the planar structures and thus provide an insight into the occurrence of the shelf-like features in the Resistance-vs-Current characteristics in some nanohelices, while there are no such features in other nanohelices.

![Experimental Resistance-vs-Current characteristics (left panels) for the nanohelix of type 6, and simulated order parameter distributions plotted over the 2D surface of the helical structure (right panels) for the magnetic fields 1 T (upper--right panel) and 2 T (lower--right panel). The values of the applied transport current in units of the critical current are indicated in the panels. The critical currents are evaluated from the experimental data to be 3.3 μA for 1 T and 3.0 μA for 2 T. Different vortex and phase-slip patterns correspond to steps of resistance (the correspondence is shown by the arrows).](nl9b03153_0005){#fig5}

Despite the overall superconducting properties (*T*~c~, *H*~c2~, *J*~c~) of all nanohelices are similar given the same composition, their behavior is different in various cases, because the complex 3D geometry of a nanohelix leads to disconnected screening currents and richly diversified confinement potentials that shape drastically different patterns of vortices (see, e.g., different multiple disconnected vortex arrays in nanohelices with different numbers of windings)^[@ref37]^ and phase slips (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf)).

To conclude, we report a direct-write methodology to fabricate 3D superconducting nanohelices on demand by using W(CO)~6~ precursor with a highly focused He^+^ beam. The resulting 3D nanohelices have diameters as small as 100 nm and pitches down to 200 nm, making them the smallest and highest-densely packed nanohelices ever grown, which is unachievable with other manufacturing techniques. By studying their magnetotransport properties, we have found that they exhibit superconducting properties below *T*~c~= 7 K as well as high critical magnetic field and critical current density. Moreover, signatures of vortex and phase-slip patterns due to their helical 3D geometries are experimentally found. This behavior is attributed to the specific order parameter and magnetic field distributions, which favor the formation of superconducting vortices and order parameter depressions (phase slips) in given regions, as supported by our numerical simulations. Our methodology represents an accurate and reproducible bottom-up approach for the fabrication of innovative, better performing, and more compact 3D nanoarchitectures ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf)).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.nanolett.9b03153](https://pubs.acs.org/doi/10.1021/acs.nanolett.9b03153?goto=supporting-info). Methods: Growth of 3D helical nanostructures, nanomanipulation of 3D helical nanostructures, growth of auxiliary Pt FIBID nanocontacts, magnetotransport measurements, numerical simulations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_001.pdf))Movie S1: Movie of the elastic behavior and manipulation of the nanohelix ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b03153/suppl_file/nl9b03153_si_002.avi))
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